Expression levels of the major human sulfotransferases (SULTs) involved in xenobiotic detoxification in a range of human tissues (i.e., SULT "pies") are not available in a form allowing comparison between tissues and individuals. Here we have determined, by quantitative immunoblotting, expression levels for the five principal human SULTs-SULT1A1, SULT1A3/4, SULT1B1, SULT1E1, and SULT2A1-and determined the kinetic properties toward probe substrates, where available, for these enzymes in cytosol samples from a bank of adult human liver, small intestine, kidney, and lung. We produced new isoform-selective antibodies against SULT1B1 and SULT2A1, which were used alongside antibodies against SULT1A3 and SULT1A1 previously produced in our laboratory or available commercially (SULT1E1). Expression levels were derived using purified recombinant enzymes to construct standard curves for each individual isoform and immunoblot. Substantial intertissue and interindividual differences in expression were observed. SULT1A1 was the major enzyme (>50% of total, range 420-4900 ng/mg cytosol protein) in the liver, followed by SULT2A1, SULT1B1, and SULT1E1. SULT1A3 was completely absent from this tissue. In contrast, the small intestine contained the largest overall amount of SULT of any of the tissues, with SULT1B1 the major enzyme (36%), closely followed by SULT1A3 (31%), and SULT1A1, SULT1E1, and SULT2A1 more minor forms (19, 8, and 6% of total, respectively). The kidney and lung contained low levels of SULT. We provide a unique data set that will add value to the study of the role and contribution of sulfation to drug and xenobiotic metabolism in humans.
Sulfation is an important pathway for detoxification and elimination of xenobiotics, including many drugs, dietary chemicals, and environmental pollutants, and for the biosynthesis and homeostasis of essential endogenous compounds such as steroid/thyroid hormones and catecholamines (Coughtrie, 2002; Strott, 2002; Blanchard et al., 2004; Gamage et al., 2006) . These reactions are catalyzed by the sulfotransferase (SULT) superfamily, which in humans comprises at least 13 members (Blanchard et al., 2004; Freimuth et al., 2004; Hildebrandt et al., 2007) . SULTs catalyze a sulfuryl transfer reaction, involving the universal cosubstrate 3Ј-phosphoadenosine 5Ј-phosphosulfate (PAPS) (Kakuta et al., 1997; Zhang et al., 1998) , which generally results in a sulfate conjugate with attenuated biological activity that is readily removed from the body via the urine and/or bile. For some chemicals, including many dietary, industrial, and environmental mutagens, sulfation is a key step in their metabolic activation (Surh and Miller, 1994; Glatt, 2000) .
Of the 13 human SULTs known, most have been characterized to some extent, and it can be proposed that the major isoforms for drug metabolism in adults are SULT1A1, SULT1A3/4, 2 SULT1B1, SULT1E1, and SULT2A1. SULT1A1 is the major "phenol" SULT, sulfating a wide range of substrates with high affinity (i.e., low K m ). SULT1A3, found only in primates, sulfates catecholamines with high selectivity (Dajani et al., 1998; Eisenhofer et al., 1999) , and SULT1B1 displays a similar substrate profile to SULT1A1 but with much higher K m values toward most substrates (Tabrett and Coughtrie, 2003; Riches et al., 2007) . SULT1E1 and SULT2A1 are both steroid SULTs (selective for estrogens and androgens, respectively), which also sulfate drugs and other xenobiotics (e.g., Forbes-Bamforth and Coughtrie, 1994; Shibutani et al., 1998; Falany and Falany, 2007) . The sterol/steroid SULT2B1a and SULT2B1b proteins are not significantly expressed in gastrointestinal or hepatic tissues (Meloche and Falany, 2001; Teubner et al., 2007 ) (although there is some expression in lung) (He et al., 2005) , and SULT1C enzymes are expressed primarily in the fetus (Stanley et al., 2005) , with some SULT1C1 in the adult stomach (Teubner et al., 2007) . SULT4A1 is a brain-specific protein (Liyou et al., 2003) , and SULT6B1 expression has been shown in the testis but not elsewhere ). SULT1A2 appears to be expressed at very low levels, if at all, in tissues (Dooley et al., 2000; Teubner et al., 2007) . Thus, we believe that SULT1A1, SULT1A3/4, SULT1B1, SULT1E1, and SULT2A1 are the most important and relevant in xenobiotic metabolism in adult humans.
There is considerable variation in the expression patterns of SULTs in different tissues and during development. For example, SULT1A3/4, the catecholamine-sulfating enzyme, is not expressed in adult human liver, whereas it is highly expressed in the upper gastrointestinal tract (Teubner et al., 2007) ; it is also expressed in the fetal liver (Richard et al., 2001; Stanley et al., 2005) . Extensive interindividual variation in expression is also documented for a number of SULT isoforms (e.g., Wood et al., 1996; Raftogianis et al., 1999; Thomae et al., 2002; Adjei et al., 2003) , some of which can be directly related to inherited genetic variation, such as the SULT1A1 copy number polymorphism (Hebbring et al., 2007) . To date, there has been no systematic analysis of the expression profiles or quantification of the five major SULT enzymes in human tissues important for xenobiotic metabolism (e.g., liver, gastrointestinal tract, kidney, and lung). SULT expression in the gastrointestinal tract has been investigated (Chen et al., 2003; Teubner et al., 2007) , confirming that SULT1A3/4 and SULT1B1 are significant enzymes in the gut but much less so in the liver, unlike SULT1A1, which is well expressed in both tissues.
Immunochemical quantification of expression profiles has been carried out for the cytochromes P450 (P450s) in liver (Shimada et al., 1994) and intestine (Paine et al., 2006) , generating so-called P450 "pies," showing the contributions of various isoforms to the total P450 content in these tissues. These detailed expression data are of considerable value in supporting the prediction of the in vivo fate of drugs and other xenobiotics from in vitro/in silico data; a number of commercial software tools (e.g., Simcyp; www.simcyp.com) incorporate such information in their databases. Because many drugs ultimately leave the body conjugated with sulfate (either directly or following phase 1 metabolism), there is a requirement for accurate and detailed expression information for the important xenobiotic metabolizing forms of SULT. In this study, we describe quantification of the expression of the five major xenobiotic-metabolizing SULTs in human liver, small intestine, kidney, and lung cytosol, and present a set of four SULT pies for these tissues. Safe) were purchased from PerkinElmer Life and Analytical Sciences (Beaconsfield, Buckinghamshire, UK). Dopamine, 17␤-estradiol, dehydroepiandrosterone, 4-nitrophenol, and 2-aminophenol were purchased from Sigma-Aldrich (Gillingham, Dorset, UK). All of the other chemicals were of analytical grade and purchased from commonly used suppliers.
Materials and Methods

Materials and
Tissue Samples and Preparation of Cytosolic Fractions. Human liver samples used have been described previously (Thomas and Coughtrie, 2003; Riches et al., 2007) . Of the 28 liver samples, 26 were from whites (for two samples that information was not available), and 19 were from male and 9 from female donors. The mean age (ϮS.D.) of the donors was 45 Ϯ 14 years (minimum, 19 years; maximum, 79 years). Human kidney and intestine samples were obtained from the UK Human Tissue Bank (Leicester, UK). Of the six intestine samples, all were from whites and four were from males. The mean age (ϮS.D.) of the donors was 50 Ϯ 12 years (minimum, 37 years; maximum, 64 years). The three kidney samples were from male white donors aged 42, 46, and 55 years (mean, 48 Ϯ 7 years). Lung samples were obtained from the local tissue bank, and all were adult white donors-no further information was available. Ethical approval for local use of samples was obtained from the Tayside Research Ethics Committee. Tissue samples were received frozen and were subsequently stored at Ϫ70°C. Fresh batches of cytosol were prepared for these experiments. Tissues were weighed and slightly thawed in 1 ml of ice-cold buffer (0.25 M sucrose, 10 mM Hepes, 3 mM 2-mercaptoethanol, pH 7.4) and cut with scissors. In the case of intestine samples, the mucosa was scraped from the muscle layer using a glass microscope slide and then weighed. Sufficient buffer to produce a 20% w/v homogenate was added, and the tissue was homogenized using a Teflon-glass homogenizer. The homogenate was centrifuged at 10,000g for 15 min at 4°C, and the supernatant was removed and centrifuged at 100,000g for 1 h at 4°C. The resulting supernatant (cytosolic fraction) was aspirated and aliquoted into 1-ml tubes, which were then frozen in liquid nitrogen and stored at Ϫ70°C until use (normally within 6 months).
Production of Recombinant Human SULTs. Recombinant human SULT1A1, SULT1A3, SULT1B1, SULT1E1, and SULT2A1 were expressed in Escherichia coli and purified by using ion exchange and affinity chromatography as described previously (Riches et al., 2007 and references therein) . Purity was assessed by SDS-polyacrylamide gel electrophoresis (PAGE). PAP 35 S Assay for Analysis of SULT1A1 and SULT1A3 Activity. Sulfation activity was determined with PAP 35 S using the barium precipitation assay originally described by Foldes and Meek (1973) . Reaction mixtures in a total volume of 160 l were prepared containing 0.1 M phosphate buffer, pH 7.4, human tissue cytosol (liver, 10 -30 g; kidney, 30 -40 g; intestine, 100 -150 g), substrate (Table 1) , and PAPS (20 M) containing 0.09 Ci PAP 35 S. Reaction mixtures were incubated for 20 min in a circulating water bath at 37°C and were stopped by placing the samples on ice and adding 200 l of barium acetate (0.1 M). To remove unused PAPS, 200 l of barium hydroxide (0.1 M) and 200 l of zinc sulfate (0.1 M) were added. The samples were then mixed and centrifuged at 16,000g for 4 min. A sample (500 l) of the resulting supernatant was removed and mixed with 4 ml of scintillation fluid, and radioactivity was quantified using liquid scintillation counting for 1 min/vial (Beckman Coulter, High Wycombe, Buckinghamshire, UK). The
, was used to analyze the kinetic data except with 4-nitrophenol as substrate, where a modification of the Michaelis-Menten equation to reflect partial substrate inhibition was used:
, where K i is the inhibition constant for the effect). Data were processed by using Excel (Microsoft, Redmond, WA) and Prism 4 (GraphPad Software Inc., San Diego, CA) software.
Solvent Extraction Assay for Determining SULT1E1 and SULT2A1 Activity.
[ 3 H]17␤-Estradiol was used as substrate to assess SULT1E1 activity, and [
3 H]dehydroepiandrosterone (DHEA) was used as probe substrate for SULT2A1 activity. Reaction mixtures for SULT1E1 assays were prepared by comprising 0.1 M potassium phosphate buffer, pH 6.0, [ 3 H]17␤-estradiol (0.1 Ci), substrate (Table 1) , cytosol, and PAPS (20 M) to a final volume of 200 l. For the SULT2A1 assays, the reaction mixture (160 l) comprised 100 mM Tris/HCl, 20 mM MgCl 2 , pH 7.5, [
3 H]DHEA (0.1 Ci), substrate (Table 1) , cytosol, and PAPS (50 M). The buffer, substrate, and human cytosol were mixed in and warmed for 2 min at 37°C before the PAPS (or water for blanks) was added to start reactions. The tubes were incubated for 20 min; then 300 l of ice-cold distilled water and 3 ml of chloroform were added; and the tubes were mixed vigorously, followed by centrifugation for 2 min at 3000 rpm. Two hundred microliters of the aqueous layer was added to 4 ml of scintillation dmd.aspetjournals.org fluid, and radioactivity was quantified by liquid scintillation counting for 1 min/sample. Data were analyzed using Excel (Microsoft) and Prism 4 (GraphPad Software Inc.) software. Antibody Preparation. For detection of SULT1A1 and SULT1A3, we used sheep anti-SULT1A3 (Richard et al., 2001 ) because it reacts with both enzymes; however, they can be easily resolved on SDS-PAGE (Richard et al., 2001) . For SULT1E1, we used a rabbit anti-SULT1E1 peptide antibody (raised against amino acids 1-13; PanVera Corp., Madison, WI). To derive an antibody preparation with specificity toward human SULT1B1, we performed amino acid sequence alignment of all the human SULT proteins and selected the N-terminal 17 amino acids of SULT1B1 (MLSPKDILRKDLKLVHG), which show little homology to other SULTs, as the template for synthesis of a Multiple Antigenic Peptide (Alta Biosciences, Birmingham, UK). This peptide was used to immunize a sheep as described previously (Richard et al., 2001) . Antibodies against human SULT2A1 were generated by injecting a sheep with purified recombinant SULT2A1 according to the schedule described previously (Richard et al., 2001) . Crude IgG preparations of sheep antisera were generated by 50% ammonium sulfate fractionation followed by extensive dialysis, and for anti-SULT1B1 affinity purification against the peptide was performed as described by the manufacturer (Alta Biosciences). Antiserum specificity was evaluated by immunoblot analysis against purified recombinant SULTs and human tissue cytosols.
Quantitative Immunoblot Analysis. Table 2 summarizes the immunoblotting conditions used. Proteins were resolved on denaturing SDS-PAGE (11% acrylamide monomer) and transferred to polyvinylidene difluoride membranes (Immobilon; Millipore Corporation, Billerica, MA) for immunostaining (Laemmli, 1970; Towbin et al., 1979) . Membranes were blocked with 1% (w/v) bovine serum albumin (BSA) (Roche, Burgess Hill, West Sussex, UK) in 50 mM Tris, pH 7.9, 150 mM NaCl, Triton X-100 (0.01% v/v) (TBS-X) for 1 h. Membranes were washed in TBS-X before being exposed to donkey anti-sheep or anti-rabbit (for SULT1E1) IgG-peroxidase conjugate in TBS-X containing 1% (w/v) BSA for 1 h. Finally, the membrane was washed in TBS-X and developed with enhanced chemiluminescence reagents and Hyperfilm (GE Healthcare, Little Chalfont, Buckinghamshire, UK). Standard curves for quantification were generated using purified recombinant SULT and were included on each individual blot. Scans of the developed X-ray film were made on a desktop scanner attached to a personal computer, and band density was calculated by using Quantiscan 3.1 software (BioSoft, Cambridge, Cambridgeshire, UK). Following pilot blots for each antibody and tissue, the quantity of cytosol loaded onto the gels was adjusted such that the densities of the resulting bands were within the linear region of the standard curves on each blot. Each tissue sample was analyzed on three separate blots with each antibody, and therefore individual data points quoted are the means of these three determinations. To estimate percentage contribution of individual SULTs to total SULT present in a given tissue, the mean expression levels for each enzyme were calculated and expressed as a percentage of the sum of all the means of all the SULTs present in that tissue, and it is these data that are plotted in Fig. 3.   3 Protein Concentration Determination. Quantification of total protein levels in all the tissue cytosols and recombinant protein preparations was carried out using the method originally described by Lowry et al. (1951) using BSA as standard.
Results
For each tissue and antibody, immunoblotting conditions were optimized such that the resulting bands were within the linear range of the standard curves generated from the purified recombinant SULTs, and that cross-reactivity with other SULT isoforms was minimized. Figure 1 shows a representative blot for each antiserum used in this study. The antibodies all exhibit a high degree of selectivity for the respective SULTs if care is taken with incubation conditions, as we have previously shown (Stanley et al., 2005) . The exception is anti-SULT1A3, which recognizes both SULT1A1 and SULT1A3, but these are resolved on SDS-PAGE to such an extent that each protein can be quantified separately (Fig. 1) .
SULT Protein Expression in Human Tissues. As expected, there were considerable differences between the expression profiles in the various tissues, as well as extensive interindividual differences in expression levels (Table 3) . We found expression of SULT1A1, SULT1B1, SULT1E1, and SULT2A1 in all 28 liver samples analyzed, whereas expression of SULT1A3 was not found, which is consistent with other reports (Teubner et al., 2007) . There was substantial interindividual variation in the levels of each protein in the liver: 12-fold for SULT1A1, 4-fold for SULT1B1, 13-fold for SULT1E1, and 4-fold for SULT2A1 (Table 3) . SULT1A1 was clearly the most abundant SULT in liver, accounting for more than half of the total SULT content (53%), followed by SULT2A1 (27%), with SULT1B1 and SULT1E1 being relatively minor forms (14 and 6% of total, respectively) in this tissue. In the cytosols prepared from the gastrointestinal tract tissues (four samples of duodenum and two of ileum), SULT1B1 was the most abundant enzyme present, accounting for more than one third of the total (36%). SULT1A3 was also a major form in the gastrointestinal tract (31%), with SULT1A1 being much less abundant than in the liver, and accounting for only 19% of total SULT protein. SULT1E1 (8%) and SULT2A1 (6%) were minor forms in the gastrointestinal tract. In the kidney cytosol samples, SULT1A1, SULT1B1, and SULT1A3 were again the main isoforms present (comprising 40, 31, and 28% of the total, respectively), with SULT2A1 expressed at very low levels and no evidence of SULT1E1 expression in this tissue. This was in contrast to the lung, where SULT1E1 was the major expressed isoform (40% of the total SULT protein), followed by SULT1A1 (20%), SULT1A3 (19%), SULT1B1 (12%), and SULT2A1 (9%). Figure 2 illustrates the relative expression of the five enzymes in different tissues by normalizing against the expression in the intestinal samples. This confirms, along with the data presented in Table 3 , that for SULT1A3, SULT1B1, and SULT1E1, the small intestine is the major site of expression (of the tissues examined), whereas for SULT1A1 and SULT2A1 the liver is the major tissue. The kidney and lung are, relative to the other tissues, poorly endowed with SULT. Overall, for the five SULTs examined, 3 We also calculated these contributions by taking the average expression of the individual enzymes in each tissue sample, and the values obtained (and the relative standings of each enzyme) were in very close agreement and did not alter the conclusions drawn. the small intestine has the highest total expression of SULT, followed by the liver, with the kidney and lung having between 15-and 30-fold less SULT protein per milligram of cytosol than the other tissues (Table 3 ). Figure 3 shows the SULT pies, with the average percentage contributions of each SULT to the total SULT protein (of the five SULTs investigated) for each of the four tissues investigated. We found no statistically significant differences in SULT expression levels between the liver cytosols from male and female donors or any influence of age on expression (data not shown). The extrahepatic tissue sample numbers were insufficient to carry out these analyses. To confirm that protein expression levels as measured here are representative of enzyme function, we also carried out assays for SULT activity. We used a series of probe substrates for the different enzymes: 4-nitrophenol and 2-aminophenol for SULT1A1, dopamine for SULT1A3, 17␤-estradiol for SULT1E1, and dehydroepiandrosterone for SULT2A1, and carried out kinetic analysis for all the samples of liver, intestine, and kidney-we did not have sufficient lung samples to carry out these analyses. There is no known selective substrate for SULT1B1; however, it does metabolize 4-nitrophenol and, to a lesser extent, 2-aminophenol, with considerably higher K m values than for SULT1A1 (Riches et al., 2007) .
The results of these analyses are provided in Table 4 and are in broad agreement with the immunoquantification data. No dopamine sulfation was observed in liver cytosol, consistent with the absence of SULT1A3 protein expression in that tissue, and the kidney displayed no sulfation of DHEA, again an observation that is entirely consistent with the immunoblotting experiments. Kidney cytosol retained a small amount of activity toward 17␤-estradiol, but the V max /K m values were only between 1 and 2% of those found in intestine and liver. This suggests either that the enzyme activity assay is more sensitive than the immunoblotting assay (which is likely given the very low 17␤-estradiol concentration used) or that one of the other enzymes is carrying out the sulfation of 17␤-estradiol. We believe this latter explanation is unlikely given the very low K m obtained with kidney cytosol, consistent with the involvement of SULT1E1, which displays low nanomolar K m values toward this substrate. We also correlated expression in the individual liver cytosols with enzyme activity measurements in the same samples. As expected, strong correlations were observed between SULT1A1 expression and both 4-nitrophenol (2 M) and 2-aminophenol (2 M) SULT activity (Pearson's r ϭ 0.76; p Ͻ 0.0001), between SULT1E1 expression and SULT activity toward 0.1 M 17␤-estradiol (r ϭ 0.86; p Ͻ 0.0001), and between SULT2A1 expression and sulfation of 2 M DHEA (r ϭ 0.64; p Ͻ 0.0001). Expression of SULT1B1 did not show strong correlation (r Ͻ 0.5) with any of the enzyme activities measured.
Discussion
The ability to reliably predict the in vivo fate of chemicals such as drugs and other xenobiotics would be of considerable value to the pharmaceutical and other chemical industries, as well as to regulatory agencies. To support development of the tools necessary to underpin such predictions, it is essential to have (among other things) a thorough understanding of the contribution the different enzyme systems and transporters that influence the fate of xenobiotics. Sulfation is an important pathway of biotransformation, and a number of isoforms are involved in the metabolism of xenobiotics; however, we do not as yet have a detailed picture of the relative contributions of the different isoforms in the major tissues responsible for chemical defense. Therefore, we sought to quantify the expression of key SULT enzymes in human liver, small intestine, kidney, and lung with the aim of identifying the major contributing enzymes and tissues involved in the sulfation of xenobiotics.
The spectrum of SULTs expressed varied markedly between the different organs, as did the total amount of SULT protein (expressed per milligram of cytosolic protein), and, as expected, there was substantial interindividual variation in expression. The small intestine had a higher total SULT content than the liver, and both of these had substantially greater amounts (generally at least 10-fold) of SULT protein than either the kidney or the lung. This reinforces the potentially significant role that the gastrointestinal tract could play in the presystemic sulfation of xenobiotics, as well as indicating that, for the elimination of xenobiotics via sulfation at least, the kidneys and lungs may not play a particularly important role in humans. However, it should be noted that given the complex cellular composition of these tissues, metabolic activation via sulfation may play a significant role in the organ-specific toxicity of many xenobiotics. It is also important to recognize that the sample size, particularly for the extrahepatic tissues, was limited; therefore, some caution should be applied in drawing conclusions from the results presented. However, this is the only study to date comparing expression levels of key SULT enzymes in all these human tissues.
SULT1A1 is generally recognized as the major xenobiotic-metabolizing SULT, as a result of its capacity to accept a very wide range of substrates, and this enzyme accounted for more than 50% of total SULT protein in the liver, consistent with its presumed primary role Immunoblot demonstrating anti-SULT antibody specificity and representative standard curves. Cytosols prepared from a number of liver (A-D) or duodenum (E) samples were resolved on SDS-PAGE gels, along with the appropriate purified human SULTs diluted as necessary to construct the standard curves. Following transfer to polyvinylidene difluoride membranes, blots were immunostained with the corresponding anti-SULT antibody and secondary antibody as listed in Table 2 .
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dmd.aspetjournals.org in detoxification and chemical defense. However, in the small intestine, SULT1A1 was much less prevalent and was present at less than half the level of the liver (representing less than 20% of total SULT protein). In kidney cytosol, SULT1A1 was again the major isoform, although the amount was only 5% of that found in the liver, and in the lung it comprised 20% of the total SULT measured. Common genetic variants in SULT1A1 are known, including a coding region single nucleotide polymorphism (resulting in the amino acid change R213H) and a gene copy number polymorphism, both of which have independently been related to interindividual variation in expression levels (Raftogianis et al., 1999; Hebbring et al., 2007) . We were not able to make a meaningful analysis of the influence of SULT1A1 genetic variants on expression/activity levels on the samples used for the present study. SULT1A3 has evolved to selectively sulfate catecholamines in primates, with the vast majority of circulating dopamine, adrenaline, and noradrenaline in the form of the sulfate conjugate (Eisenhofer et al., 1999; Blanchard et al., 2004) . The enzyme also sulfates a number of drugs, including salbutamol and apomorphine (Morgan et al., 1986; Thomas and Coughtrie, 2003) . We could not detect SULT1A3 in any of the liver cytosol samples; however, it was a major enzyme in the small intestine, second only to SULT1B1. The absence of this enzyme from the adult liver is entirely consistent with previous studies from this and other laboratories (e.g., Richard et al., 2001; Teubner et al., 2007) , as is the fact that this enzyme is a major extrahepatic form, particularly in the small intestine (Teubner et al., 2007) , where it accounted for more than 30% of the total SULT protein. The presence of this enzyme at high levels in the small intestine has implications for the oral bioavailability of a number of drugs, including salbutamol (Morgan et al., 1986) , as well as many dietary compounds (such as biogenic amines), which are substrates (Eisenhofer et al., 1999) . In addition, it is shown that the mesenteric organs are capable of dopamine sulfate production in vivo, and indeed the gastrointestinal tract is believed to be the principal source of sulfated dopamine (Eisenhofer et al., 1999) .
Of the major SULT enzymes involved in xenobiotic metabolism, we probably understand least about the function of SULT1B1. It has a broadly similar substrate profile to that of SULT1A1, although in general SULT1B1 exhibits a lower affinity for its substrates; indeed to date no "probe" substrate for this enzyme has been identified, and the presence of this enzyme in liver cytosol interferes with accurate kinetic measurements of the sulfation of certain phenolic molecules such as 4-nitrophenol (Tabrett and Coughtrie, 2003; Riches et al., 2007) . It was originally suggested that the enzyme was selective for various iodothyronines (Wang et al., 1998) , although it has been shown subsequently that other SULTs are able to efficiently sulfate these compounds in vitro (Kester et al., 1999a,b; Richard et al., 2001) . In this study, we have shown that SULT1B1 represents only a small portion of the total SULT protein in the liver (14%), whereas it is the major SULT in the gastrointestinal tract, at 36% of the total. This finding suggests that SULT1B1 could play an important role in determining the oral bioavailability of phenolic drugs and other xenobiotics, although the dose may be important because of the generally poorer kinetic properties of this enzyme compared with SULT1A1. SULT1B1 is also present at high levels in the fetal small intestine (Stanley et al., 2005) . SULT1E1 displays very high selectivity and affinity for endogenous estrogens, in particular 17␤-estradiol (Forbes-Bamforth and Zhang et al., 1998) , and is believed to play an important role in modulating the biological function of these hormones. Certainly there is evidence that estrogen-responsive tissues such as the endometrium use sulfation as a sensitive and specific mechanism of controlling estrogenic stimulation (Rubin et al., 1999) , and this is supported by the strong inhibition of SULT1E1 by environmental pollutants such as hydroxylated polychlorinated biphenyls, a potential mechanism for the endocrine-disrupting effects of these chemicals (Kester et al., 2000) . The enzyme also sulfates a number of important drugs, including 17␣-ethinylestradiol. We found SULT1E1 was expressed at relatively low levels in the liver and small intestine and was absent from the kidney. In the lung, it was the major isoform present, although at lower levels than found in the liver and small intestine. It seems that SULT1E1 is generally expressed at higher 
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dmd.aspetjournals.org levels during fetal development than in the adult (Stanley et al., 2005; Duanmu et al., 2006) , perhaps suggesting a requirement to protect the developing fetus from the actions of 17␤-estradiol. It is also possible that the low levels of expression are related to the fact that the K m of the enzyme for its main substrate, 17␤-estradiol, is so low (in the low nanomolar range, commensurate with normal plasma levels) that a large turnover may not be required for efficient sulfation. The hydroxysteroid SULT2A1 plays an important role in the biosynthesis of sex steroids because it sulfates the major adrenal steroid DHEA and many other hydroxylated steroid hormones and bile acids. In this regard, it is expressed at particularly high levels in the fetal adrenal gland (Barker et al., 1994) . In addition, it can metabolize a wide range of xenobiotics, in particular alcohols (Shibutani et al., 1998; Sheng and Duffel, 2003) . We found SULT2A1 to be a major form in the liver, second in abundance to SULT1A1, although levels in the extrahepatic tissues were low compared with the other SULTs. This suggests that the liver would be an important site of metabolism for xenobiotics that are substrates for SULT2A1, as well as reflecting the important role that this enzyme plays in bile acid homeostasis and protection against the toxic effects of bile acids (Kitada et al., 2003; Hofmann, 2004) .
In summary, we present a detailed analysis of the expression levels of five key SULT enzymes in four human tissues, relative to each other within and between tissues-the SULT pies. We showed that SULT1A1 is the major hepatic xenobiotic-sulfating enzyme but that there are substantial quantities of SULT present in the small intestine, which has significant implications for the oral bioavailability of many drugs. The importance of the minor isoforms in the kidney and lung cannot be clearly identified from the results presented here; however, it is certainly possible that in, for example, the lung, significant ability to both detoxify and bioactivate airborne procarcinogens exists. The data presented here will also provide a significant expansion in the information available for modeling the metabolic fate of drugs cleared by sulfation.
